Featured Application: Application of an electrofilter and a tandem negative-positive corona charger to a diffusion charger based instrument to mitigate the influence of highly charged aerosol.
Introduction
Air pollution is recognized as an important global environmental and health risk factor. In Europe, the most serious pollutants in terms of harm to human health are particulate matter (PM), nitrogen dioxide (NO 2 ) and ground-level ozone (O 3 ) [1] . PM causes damage to ecosystems and cultural sites, size range (like those produced in the SCR) pass through them, their charge level can only increase and will thus be much higher than if they were neutral.
In this study, two technical solutions for the conditioning of pre-charged particles were developed:
• The use of an electrofilter (hereinafter EF) upstream of a corona charger to remove all charged particles below the lowest detection size required by the regulation before entering the sensor. The concept is similar to the use of an elevated ion trap to adjust the cut-off size of DC-based instruments [26] . However, by applying the electric field upstream of the corona, the EF only tackles the charged fraction of the sampled aerosol, thus selectively targeting the particles formed in the SCR.
•
The use of a negative and a positive corona charger in tandem to condition (neutralize) the sample aerosol by exposing it to a bipolar ion-environment (hereinafter referred to as TC = Tandem Negative-Positive Corona). Similar approaches have been previously successfully established in other commercial instruments [27] .
The design and parametrization of both solutions were designed for application on the DC-based detector from Naneos (Windisch, Switzerland) employed in the PN-PEMS from AVL GmbH (Graz, Austria). Their performance in conditioning charged aerosol was first characterized by monodisperse graphite aerosol of different charge levels. Subsequently they were introduced in AVL PN-PEMS systems and tested alongside the original AVL PN-PEMS system, a commercial PN-PEMS on-board system (OBS) from Horiba (Kyoto, Japan) utilizing a CPC, and a stationary laboratory grade reference PN system from AVL (Graz, Austria) in exhaust measurements of two HD engines equipped with SCR systems.
The results of the present study proved that the previously reported overestimations of DC-based PN-PEMS instrumentation originates from the formation of positively charged nanoparticles in the SCR of heavy-duty diesel engines. The study also illustrates that the two technical solutions evaluated can effectively suppress the interference of these positively charged nanoparticles in RDE measurements with DC-based PN-PEMS systems.
Materials and Methods

Setup and Measurement Protocol
Characterization of Technical Solutions
The layout of the experimental setup employed for the characterization of the two technical solutions is shown in Figure 1 . Following the regulatory requirements, soot-like particles, produced by a spark graphite generator (DNP 3000 from Palas, Karlsruhe, Germany) were employed [28] . Thermal treatment was performed by passing through an AVL catalytic stripper (CS) operating at 350 • C [29] . To precisely characterize the performance of the two technical solutions it is important to produce monodisperse particles of well-defined charge state. This was achieved by means of employing two differential mobility analyzers (DMA) in tandem as described in Appendix A. Both of them were model 3081 DMAs from TSI (MN, Shoreview, MS, USA) and were equipped with a 10 mCi 85 Kr neutralizer (model TSI 3077A). A third neutralizer of the same type was also employed in selected tests to neutralize particles exiting the tandem DMA setup. Number concentrations were quantified with a TSI 3775 CPC having a nominal 50% detection efficiency at 4 nm, while a TSI 3068B electrometer was used for the measurement of the total charge of the transmitted particles. The performance of the EF is characterized by the penetration of charged particles as a function of their size. For the experimental determination of the EF penetration, singly charged, monodisperse particles were produced with the tandem DMA setup shown in Figure 1a . The particles were sampled through the EF at the nominal flow rate of the AVL sensor (2 L/min), and their concentration was measured with the TSI 3775 CPC. Since the CPC operated at a flow rate of 0.3 L/min, the excess 1.7 L/min was extracted via a mass flow controller set at 1.7 L/min. The percentage drop in the concentration resulting when switching on the EF corresponds to the fraction of single charged particles removed by the EF. Sequential measurements were performed at each size evaluated, with the EF alternatively switched on and off and the concentrations recorded for 60 s. The ratio of the average concentrations at the different states was used to calculate particle losses and therefore penetration through the EF. In the specific tests, the DMAs operated at a sheath flow of 16 L/min, leading in a sheath oversample ratio of 8:1 that is within the recommendation of greater than 7:1 for aerosol instrument calibration [30] .
The main performance characteristic of a corona charger is its charging efficiency, defined as the average number of charges acquired per particle as a function of particle size. This includes also any particle losses inside the corona. Experimental quantification of the charging efficiency is typically performed by parallel measurement of the concentration of neutralized monodisperse particles entering the corona and the total charge carried by the particles exiting the corona [31] . Figure 1b shows the instrument layout employed for the characterization of the various corona chargers evaluated. The characterization was performed with both neutral, singly and doubly charged monodisperse particles. Single charged particles were produced by operating the two DMAs at the same voltage, while double charged particles were extracted by operating the first DMA at double the voltage of the second (as described in Appendix A). Neutralized particles were produced by means of passing the extracted single charged particles through a third TSI 3077A neutralizer. The concentration of the produced particles was measured with the TSI 3775 CPC, while the total charge acquired by the particles in the corona was measured with the TSI 3068B electrometer connected at the outlet of the charger. The operating flow of the electrometer (and thus the charger) was set at the default flowrate of the AVL sensor (2 L/min). The sheath flow of the two DMAs was increased to 18 L/min to maintain the sheath over sample flow ratio above the recommended 7:1. Charging efficiencies measurements were performed for the original charger of the AVL sensor operating at the default (LD) and elevated ion concentrations (employed in the device where the EF was installed) and for the novel tandem negative-positive corona charger (TC). The performance of the EF is characterized by the penetration of charged particles as a function of their size. For the experimental determination of the EF penetration, singly charged, monodisperse particles were produced with the tandem DMA setup shown in Figure 1a . The particles were sampled through the EF at the nominal flow rate of the AVL sensor (2 L/min), and their concentration was measured with the TSI 3775 CPC. Since the CPC operated at a flow rate of 0.3 L/min, the excess 1.7 L/min was extracted via a mass flow controller set at 1.7 L/min. The percentage drop in the concentration resulting when switching on the EF corresponds to the fraction of single charged particles removed by the EF. Sequential measurements were performed at each size evaluated, with the EF alternatively switched on and off and the concentrations recorded for 60 s. The ratio of the average concentrations at the different states was used to calculate particle losses and therefore penetration through the EF. In the specific tests, the DMAs operated at a sheath flow of 16 L/min, leading in a sheath over sample ratio of 8:1 that is within the recommendation of greater than 7:1 for aerosol instrument calibration [30] .
The main performance characteristic of a corona charger is its charging efficiency, defined as the average number of charges acquired per particle as a function of particle size. This includes also any particle losses inside the corona. Experimental quantification of the charging efficiency is typically performed by parallel measurement of the concentration of neutralized monodisperse particles entering the corona and the total charge carried by the particles exiting the corona [31] . Figure 1b shows the instrument layout employed for the characterization of the various corona chargers evaluated. The characterization was performed with both neutral, singly and doubly charged monodisperse particles. Single charged particles were produced by operating the two DMAs at the same voltage, while double charged particles were extracted by operating the first DMA at double the voltage of the second (as described in Appendix A). Neutralized particles were produced by means of passing the extracted single charged particles through a third TSI 3077A neutralizer. The concentration of the produced particles was measured with the TSI 3775 CPC, while the total charge acquired by the particles in the corona was measured with the TSI 3068B electrometer connected at the outlet of the charger. The operating flow of the electrometer (and thus the charger) was set at the default flowrate of the AVL sensor (2 L/min). The sheath flow of the two DMAs was increased to 18 L/min to maintain the sheath over sample flow ratio above the recommended 7:1. Charging efficiencies measurements were performed for the original charger of the AVL sensor operating at the default (LD) and elevated ion concentrations (employed in the device where the EF was installed) and for the novel tandem negative-positive corona charger (TC). Figure 2 shows the layout of the instrumentation in the exhaust aerosol measurements. The measurements took place in three laboratories at approximately 23 • C: an engine dynamometer and two chassis dynamometers. In the first one, a bi-fuel HD engine (5.2 L, 154 kW, 706 Nm) was used, which was retrofitted with a diesel particulate filter (DPF) and an SCR in addition to the pre-existing diesel oxidation catalyst. The engine operated on different mixtures of diesel and compressed natural gas. In the two chassis dynamometers, the same diesel HD vehicle (13 L, 335 kW, 2200 Nm) was tested. The vehicle was equipped with diesel oxidation catalyst, DPF, SCR and ammonia slip catalyst. All tests were conducted with market fuel diesel (EN-590) with sulphur content <10 ppm. The natural gas was provided by gas cylinders of G20 (100% methane) or G25 (86% methane) quality. The lubricant was 5W-30. Urea dosing was controlled by the engine control unit. Figure 2 shows the layout of the instrumentation in the exhaust aerosol measurements. The measurements took place in three laboratories at approximately 23 °C: an engine dynamometer and two chassis dynamometers. In the first one, a bi-fuel HD engine (5.2 L, 154 kW, 706 Nm) was used, which was retrofitted with a diesel particulate filter (DPF) and an SCR in addition to the pre-existing diesel oxidation catalyst. The engine operated on different mixtures of diesel and compressed natural gas. In the two chassis dynamometers, the same diesel HD vehicle (13 L, 335 kW, 2200 Nm) was tested. The vehicle was equipped with diesel oxidation catalyst, DPF, SCR and ammonia slip catalyst. All tests were conducted with market fuel diesel (EN-590) with sulphur content <10 ppm. The natural gas was provided by gas cylinders of G20 (100% methane) or G25 (86% methane) quality. The lubricant was 5W-30. Urea dosing was controlled by the engine control unit. The layout of the employed instrumentation in the heavy-duty (HD) engine and vehicle testing. Samples were extracted from tailpipe using a dedicated sampling probe for each instrument. A CPC with a 10 nm cut-off size (REF@10) was connected in the reference particle number instrument sampling in parallel to the default 23 nm CPC (REF@23). In selected tests, an electrometer and an SMPS were connected in the LD + EF system to measure the total charge and size distribution of the emitted particles during steady-state operation. LD = light-duty; TC = tandem negative positive corona charger; EF = electrofilter; SMPS = scanning mobility particle sizer; OBS = on-board system; REF = reference PN; CPC = condensation particle counter.
Exhaust Measurements
The measurement instruments were located within 1.5 m (engine) to 4 m (vehicle) from the after-treatment devices and sampling from the tailpipe. The reference PN instruments (all from AVL) [32] in all laboratories were UNECE 49 regulation compliant systems (called REF from now on). They dilute the sample at least 10 times with hot air at 150 °C and then remove the semi-volatile particles in an evaporation tube at 350 °C. A final dilution with room temperature filtered air cools down the sample bringing it to the appropriate concentration levels for the CPC. In addition to the default reference CPC having a 50% counting efficiency at 23 nm (REF@23), a second reference one having a corresponding 50% efficiency at 10 nm (REF@10), was employed sampling in parallel.
The two technical solutions (EF and TC) were installed in two PN-PEMS compliant with the light-duty requirements (2017/1154) (called LD from now on). Note that there are no PN-PEMS technical requirements for HD applications yet. The original DC-based PN-PEMS (AVL, Graz, Austria) consists of a primary diluter using hot air at 150 °C (dilution 2:1), followed by an evaporation tube in series with a catalytic stripper (both set at 300 °C) and a secondary dilution 3:1 at 60 °C. The diluted sample is transferred to the particle detector (Naneos, Switzerland) [33] with a 1.3 m heated line at 60 °C. In the detector, particles are first charged in a positive unipolar diffusion charger and subsequently passed through a specially designed electrostatic precipitator to which a pulsating electric field is applied. The resulting modulation in the charge state of the sampled aerosol is subsequently detected in a Faraday cage electrometer [33] . The corona of the charger was set to operate at elevated ion concentrations in the EF configuration. For some tests, the particle detector was replaced with a scanning mobility particle sizer (SMPS) and an electrometer for particle charge estimation. The same PEMS units (LD, LD + EF, LD + TC) were used at all three laboratories. The layout of the employed instrumentation in the heavy-duty (HD) engine and vehicle testing. Samples were extracted from tailpipe using a dedicated sampling probe for each instrument. A CPC with a 10 nm cut-off size (REF@10) was connected in the reference particle number instrument sampling in parallel to the default 23 nm CPC (REF@23). In selected tests, an electrometer and an SMPS were connected in the LD + EF system to measure the total charge and size distribution of the emitted particles during steady-state operation. LD = light-duty; TC = tandem negative positive corona charger; EF = electrofilter; SMPS = scanning mobility particle sizer; OBS = on-board system; REF = reference PN; CPC = condensation particle counter.
The measurement instruments were located within 1.5 m (engine) to 4 m (vehicle) from the after-treatment devices and sampling from the tailpipe. The reference PN instruments (all from AVL) [32] in all laboratories were UNECE 49 regulation compliant systems (called REF from now on). They dilute the sample at least 10 times with hot air at 150 • C and then remove the semi-volatile particles in an evaporation tube at 350 • C. A final dilution with room temperature filtered air cools down the sample bringing it to the appropriate concentration levels for the CPC. In addition to the default reference CPC having a 50% counting efficiency at 23 nm (REF@23), a second reference one having a corresponding 50% efficiency at 10 nm (REF@10), was employed sampling in parallel.
The two technical solutions (EF and TC) were installed in two PN-PEMS compliant with the light-duty requirements (2017/1154) (called LD from now on). Note that there are no PN-PEMS technical requirements for HD applications yet. The original DC-based PN-PEMS (AVL, Graz, Austria) consists of a primary diluter using hot air at 150 • C (dilution 2:1), followed by an evaporation tube in series with a catalytic stripper (both set at 300 • C) and a secondary dilution 3:1 at 60 • C. The diluted sample is transferred to the particle detector (Naneos, Switzerland) [33] with a 1.3 m heated line at 60 • C. In the detector, particles are first charged in a positive unipolar diffusion charger and subsequently passed through a specially designed electrostatic precipitator to which a pulsating electric field is applied. The resulting modulation in the charge state of the sampled aerosol is subsequently detected in a Faraday cage electrometer [33] . The corona of the charger was set to operate at elevated ion concentrations in the EF configuration. For some tests, the particle detector was replaced with a scanning mobility particle sizer (SMPS) and an electrometer for particle charge estimation. The same PEMS units (LD, LD + EF, LD + TC) were used at all three laboratories.
A CPC-based PN-PEMS from Horiba (Kyoto, Japan) (OBS from now on) [34] was additionally used. The first diluter (10:1) of the OBS is located directly at the sample probe at the tailpipe. With a 6 m heated line at 60 • C, the diluted aerosol is brought to the main cabinet where a heated catalytic stripper at 350 • C removes the volatile and semi-volatile particles. A second dilution (10:1) brings the concentration to the measuring range of the isopropyl alcohol-based CPC with a counting efficiency of 50% at 23 nm (based on a TSI CPC 3007 with modified saturator and condenser temperatures). The system has shown very good agreement (40%) with reference systems for light-duty [35] and heavy-duty [36] applications.
On the engine dynamometer, the regulated cold (oil temperature at 23 • C) and hot (oil temperature at 90 • C) start cycles were conducted (2-3 repetitions each). These are the world harmonized transient cycle and world harmonized steady cycle. On the chassis dynamometers, the world harmonized vehicle cycle with a cold and hot start was conducted (two repetitions each). Additionally, some torque ramp tests (45% to 55% load) at constant engine speed (1100 rpm) were conducted to investigate the charge of the particles. The DPF fill state is similar in all tests.
Calculations
The particle penetration through the EF at each size was calculated by the ratio of the CPC concentrations with the EF alternatively switched on and off. The charging efficiency (η) of the TC was calculated from the CPC particle number concentration (N) and the electrometer current (I) readings through:
where Q is the operating flow rate of the electrometer and e is the elementary charge (1.602 × 10 −19 C). Some numerical calculations of diffusion charging efficiencies were also performed using the Fuchs charging model [37] as amended later [38] . The ion mobilities (1.15 cm 2 /Vs for positive and 1.425 cm 2 /Vs for negative ions) and masses (290 amu (atomic mass unit) for positive and 140 amu for negative ions) suggested by [39] were used in the calculations. Calculations were performed both for unipolar positive corona chargers as well as for a tandem negative-positive corona (TC) configuration. The initial condition was that of uncharged, singly charged and doubly charged particles. In the TC configuration the Fuchs model was applied in two steps (first for the negative corona and then for the positive one), using the output of the first stage (charge levels at different particle sizes) as the initial condition for the second stage. Calculations were performed for different products of ion concentration (N i ) times residence time (t) to fit the experimental data and investigate the effect of increasing ion concentration.
The particle concentrations of the instruments were time aligned with the exhaust flow rate (given by the engine control unit). Their product divided by the cycle work gave the emissions in #/kWh as required in the regulation. More details can be found in Reference [36] . The particle charge was estimated by the SMPS and electrometer signals as described in Reference [14] .
Results
Characterization of Technical Solutions
Unipolar Corona of Light-Duty (LD) System
The experimentally determined charging efficiencies for the unipolar corona of the AVL PN-PEMS sensor are shown with dots in Figure 3a . The charging efficiency for neutralized graphite particles exhibits a power law dependence with an exponent of 1.34 at both settings tested. In the default configuration, it ranged from 0.25 at 23 nm to 1.8 at 100 nm. The operation at the elevated N i t settings resulted in approximately 35% higher levels, spanning from 0.3 to 2.4 over the same size range. The measured slope is similar to what has been reported for other commercial unipolar corona chargers tested with soot aggregate particles (i.e., 1.41 [40] and 1.36 [21] (Figure 3b ). This discrepancy is in line with the well-known differences in charging mechanism between spherical particles assumed in Fuchs theory and aggregate graphite particles [20] . The experimental data at the lowest size ranges, where morphology effects are not expected to be significant, suggest Nit products of 1.5 × 10 12 m −3 s for the default configuration and 2.5 × 10 12 m −3 s for the elevated corona settings employed in the campaign.
The Fuchs model was also employed to evaluate the performance of such a unipolar corona charger when challenged with particles carrying +1 and +2 charges (dashed lines in Figure 3a) . When sampled particles are already positively charged, their charge level can only increase when entering the positive ion environment of the corona. Their charge level asymptotically approaches that of initially neutralized particles and flattens out at their original charge below a certain size. Advanced DC sensors utilize some mechanism to apply a weight on the charging efficiency and thus reduce the contribution of large sizes in the signal [8, 9] . Therefore, the effect of such a distortion in the charging efficiency caused by charged nanoparticles will be further amplified in advanced DC configurations. Increasing the Nit product would be beneficial as it would bring closer the efficiency curves for neutralized and charged particles. However, there are practical limitations in increasing the ion-concentrations and thus alternative more efficient approaches are more suitable.
Tandem Negative Positive Corona (TC)
The experimentally determined charging efficiencies for the TC charger is shown with dots in (Figure 3b ). This discrepancy is in line with the well-known differences in charging mechanism between spherical particles assumed in Fuchs theory and aggregate graphite particles [20] . The experimental data at the lowest size ranges, where morphology effects are not expected to be significant, suggest N i t products of 1.5 × 10 12 m −3 s for the default configuration and 2.5 × 10 12 m −3 s for the elevated corona settings employed in the campaign.
The Fuchs model was also employed to evaluate the performance of such a unipolar corona charger when challenged with particles carrying +1 and +2 charges (dashed lines in Figure 3a) . When sampled particles are already positively charged, their charge level can only increase when entering the positive ion environment of the corona. Their charge level asymptotically approaches that of initially neutralized particles and flattens out at their original charge below a certain size. Advanced DC sensors utilize some mechanism to apply a weight on the charging efficiency and thus reduce the contribution of large sizes in the signal [8, 9] . Therefore, the effect of such a distortion in the charging efficiency caused by charged nanoparticles will be further amplified in advanced DC configurations. Increasing the N i t product would be beneficial as it would bring closer the efficiency curves for neutralized and charged particles. However, there are practical limitations in increasing the ion-concentrations and thus alternative more efficient approaches are more suitable.
The experimentally determined charging efficiencies for the TC charger is shown with dots in Figure 3b . The dependence of Pη product on mobility diameter follows a power law curve with an exponent of~1.3. Similar exponents have been reported for unipolar corona chargers and soot particles [21, 40] . The results illustrate that such a tandem configuration can substantially reduce the effect of pre-existing particle charge. Figure 3b also shows the Fuchs model computations for the TC configuration. The experimental data were found to be within the range of charging efficiencies calculated for N i t products of 2 and 3 × 10 12 m −3 s. The slope of the calculated charging efficiency curves is less steep, exhibiting an exponent of~1.05, which is close to what similar calculations for unipolar chargers predict at such N i t products [6] . The steeper curve in the experimental data is anticipated owing to the fractal-like structure of graphite particles [20] . Particle losses in the charger can also contribute to the observed differences at smaller sizes. The percentage change in the charging efficiency when the particle charge stage changes from neutral to +1 and +2 is summarized in Table 1 for both experimental data and numerical calculations and for the sizes that are currently considered in the RDE regulations (Regulation 2017/1154) [7] . The experimental results are closer to what the Fuchs model predicts for N i t products of 2 × 10 12 m −3 s. The influence of pre-existing charge is, therefore, dropping from +18% at 23 nm to +5% at 50 nm for singly charged particles. Similarly, doubly charged particles result in +26% and 8% higher charging efficiencies over the same size range. The performance of this tandem corona configuration can be improved by operating the corona chargers at higher N i t products (thus increasing the ion concentrations). A 50% increase in the N i t product is calculated to lead to smaller than 5% differences in the acquired mean charge between neutral, singly and doubly charged particles of 23 nm. 1 Concentrations were at the noise levels of the electrometer. Figure 4a summarizes the results of the EF penetration measurements. The EF removed all singly charged particles smaller than 17 nm. The penetration of singly charged 23, 30 and 50 nm particles was 11%, 42% and 88%, respectively, and reached 98% at 70 nm. Since particle collection in the EF depends on the electrical mobility, the penetration will depend on the actual charge state of the particles. Multiple charged particles will exhibit the same electrical mobility as smaller singly charged particles and therefore the penetration curve will be shifted towards larger particle sizes. The shift can be calculated from the measured penetrations for singly charged particles through [41] :
Electrofilter (EF)
where d n is the diameter of a particle carrying n charges, having the same electrical mobility with a particle carrying one charge (having diameter d 1 ), while C c is the Cunningham correction factor and Z the electrical mobility. The calculated penetrations for particles carrying up to two charges are shown as dashed curves in Figure 4a . For bipolarly charged particles being on average neutral, like typical engine exhaust [18] , only the charged fractions will be affected by the EF. Accordingly, the interference of the EF with such particles will be limited since the uncharged fractions are expected to increase with decreasing size. For example, the dotted curve in Figure 4a illustrates the calculated penetration of neutralized particles based on the commonly assumed charging probability distribution of Wiedensohler [42] .
To better illustrate the performance of the EF some numerical calculations were performed with the Fuchs model for the Nit product of 2.5 × 10 12 m −3 s of the corona on which the EF was installed. Figure 4b illustrates the effect of the EF on the average charge exiting the corona for neutralized, singly charged and doubly charged particles. The percentage differences on the average acquired charges between singly or doubly charged and neutralized particles for this configuration are summarized in Table 2 for selected sizes. The installation of the EF will introduce a small (maximum 20%) reduction in the baseline charging efficiencies of neutralized particles at sizes below 50 nm. In the case of singly charged particles, the EF can effectively constrain the change in the average particle charge to less than ±30% over the regulated size range (>23 nm). Doubly charged particles are more efficiently removed leading to a complete removal of charges below 30 nm. Since the EF is targeting the small size range, the performance of this technical solution at large sizes can only be improved by increasing the Nit product (Figure 3a) . For bipolarly charged particles being on average neutral, like typical engine exhaust [18] , only the charged fractions will be affected by the EF. Accordingly, the interference of the EF with such particles will be limited since the uncharged fractions are expected to increase with decreasing size. For example, the dotted curve in Figure 4a illustrates the calculated penetration of neutralized particles based on the commonly assumed charging probability distribution of Wiedensohler [42] .
To better illustrate the performance of the EF some numerical calculations were performed with the Fuchs model for the N i t product of 2.5 × 10 12 m −3 s of the corona on which the EF was installed. Figure 4b illustrates the effect of the EF on the average charge exiting the corona for neutralized, singly charged and doubly charged particles. The percentage differences on the average acquired charges between singly or doubly charged and neutralized particles for this configuration are summarized in Table 2 for selected sizes. The installation of the EF will introduce a small (maximum 20%) reduction in the baseline charging efficiencies of neutralized particles at sizes below 50 nm. In the case of singly charged particles, the EF can effectively constrain the change in the average particle charge to less than ±30% over the regulated size range (>23 nm). Doubly charged particles are more efficiently removed leading to a complete removal of charges below 30 nm. Since the EF is targeting the small size range, the performance of this technical solution at large sizes can only be improved by increasing the N i t product (Figure 3a) . Figure 5 provides a summary of the relative performance of all four PN-PEMS systems (OBS, LD, LD + EF, LD + TC) in quantifying the cycle-average emission rates. The dashed line corresponds to the maximum allowed deviation of PN-PEMS instrumentation from reference PN measurements in the LD regulation (UNECE 2017/1154) [7] (50% or 1 × 10 11 #/kWh, whichever is greater). This curve should only serve as a guideline since (a) it applies for measurements conducted at different sampling locations and (b) it is derived from the passenger car application and thus does not consider the higher and more dynamic range of exhaust temperatures and flows at the tailpipe of their HD counterparts. to the maximum allowed deviation of PN-PEMS instrumentation from reference PN measurements in the LD regulation (UNECE 2017/1154) [7] (50% or 1 × 10 11 #/kWh, whichever is greater). This curve should only serve as a guideline since (a) it applies for measurements conducted at different sampling locations and (b) it is derived from the passenger car application and thus does not consider the higher and more dynamic range of exhaust temperatures and flows at the tailpipe of their HD counterparts. The results obtained with the DC-based instrument that did not incorporate a charge conditioning stage (LD) exhibited a much higher variability, yielding on average higher emission rates than all other PEMS instruments. The difference from the reference PN was 31% ± 17% at emissions above 2 × 10 11 #/kWh and 65% ± 38% at lower emission levels. Similarly to what was observed in previous campaigns [12, 13] , the overestimation was not systematic and in 5 out of the 22 HDV tests the instrument agreed within ±20% with both the reference PN and the remaining PEMS solutions. When a clear overestimation was observed, the effect was found to increase with decreasing emission levels, from approximately 30% at 5 × 10 11 #/kWh to as high as 110% at ~1 × 10 11 #/kWh.
The cycle average results for both technical solutions (LD + EF and LD + TC) were found to agree with the reference PN technique within ±20% at levels down to 2 × 10 11 #/kWh. More specifically the difference was −8% ± 7% (average ± one standard deviation) for the LD + EF and −5% ± 6% for the LD + TC. At levels below 2 × 10 11 #/kWh, the deviations increased to 17% ± 26% and 16% ± 25% for the LD + EF and LD + TC, respectively. The CPC-based PEMS system (OBS) exhibited similar performance with the deviation from the reference technique being 13% ± 7% and 31% ± 17% at levels above and below 2 × 10 11 #/kWh, respectively. The similar performance of the LD + EF and LD + TC solution to the OBS suggests that the observed overestimation with the LD is indeed associated with the presence of charged particles. The results obtained with the DC-based instrument that did not incorporate a charge conditioning stage (LD) exhibited a much higher variability, yielding on average higher emission rates than all other PEMS instruments. The difference from the reference PN was 31% ± 17% at emissions above 2 × 10 11 #/kWh and 65% ± 38% at lower emission levels. Similarly to what was observed in previous campaigns [12, 13] , the overestimation was not systematic and in 5 out of the 22 HDV tests the instrument agreed within ±20% with both the reference PN and the remaining PEMS solutions. When a clear overestimation was observed, the effect was found to increase with decreasing emission levels, from approximately 30% at 5 × 10 11 #/kWh to as high as 110% at~1 × 10 11 #/kWh.
The cycle average results for both technical solutions (LD + EF and LD + TC) were found to agree with the reference PN technique within ±20% at levels down to 2 × 10 11 #/kWh. More specifically the difference was −8% ± 7% (average ± one standard deviation) for the LD + EF and −5% ± 6% for the LD + TC. At levels below 2 × 10 11 #/kWh, the deviations increased to 17% ± 26% and 16% ± 25% for the LD + EF and LD + TC, respectively. The CPC-based PEMS system (OBS) exhibited similar performance with the deviation from the reference technique being 13% ± 7% and 31% ± 17% at levels above and below 2 × 10 11 #/kWh, respectively. The similar performance of the LD + EF and LD + TC solution to the OBS suggests that the observed overestimation with the LD is indeed associated with the presence of charged particles. Figure 6 shows example real-time traces of non-volatile PN of the HD vehicle over a cold start WHVC test performed. Over the first 200 s of the cycle, the inlet SCR temperature (dashed dark-red curve) was below the operating range of the SCR and no urea was injected. The emission levels were also elevated as is typically the case during cold start operation of vehicles equipped with wall-flow particulate filter [36] . All PEMS instruments agreed to within~25% with the reference PN methodology (REF@23) over this period. Similarly, the 10 nm CPC (REF@10) installed on the reference system measured only 5% higher concentrations than the REF@23, suggesting that the mode of the emitted particles lies well above the regulated size limit.
Real-Time Emission Traces
Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 17 reference system measured only 5% higher concentrations than the REF@23, suggesting that the mode of the emitted particles lies well above the regulated size limit. After approximately 1000 s, the LD PN-PEMS started progressively measuring higher concentrations than the reference PN, yielding on average 65% higher concentrations over the last 800 s of the cycle. Urea injection was already activated and the exhaust temperature at the inlet of the SCR ranged between 290 to 320 °C. The excess particle counts registered with the 10 nm CPC compared to the 23 nm one of the reference PN system increased also to 60% over this section, suggesting that the size of the distribution has shifted to lower particle sizes. Despite these changes in the exhaust aerosol, the agreement between the two technical solutions and the reference PN (REF@23) remained within 25% (23% for LD + EF and 12% for LD + TC). The performance of the CPC based PEMS system (OBS) was also affected by the presence of such small particles, yielding on average a 35% difference from the REF@23 concentrations. Figure 7 summarizes the results obtained over a segment of a torque-ramp test (1000 rpm/55% load) of the HD vehicle. The concentrations measured with the reference PN system with both the 23 and 10 nm CPC remained relatively stable (±10%). The 10 nm CPC (REF@10) measured on average ~50% higher concentrations than the 23 nm one (REF@23) (Figure 7a) . The SMPS measurements (Figure 7b ) revealed a stable size distribution peaking at ~15 nm, which explains the higher particle counts registered by the 10 nm CPC. The LD + TC and OBS systems exhibited a constant difference from the reference PN, of <5% and 25%, respectively. The LD system agreed to within 5% with the After approximately 1000 s, the LD PN-PEMS started progressively measuring higher concentrations than the reference PN, yielding on average 65% higher concentrations over the last 800 s of the cycle. Urea injection was already activated and the exhaust temperature at the inlet of the SCR ranged between 290 to 320 • C. The excess particle counts registered with the 10 nm CPC compared to the 23 nm one of the reference PN system increased also to 60% over this section, suggesting that the size of the distribution has shifted to lower particle sizes. Despite these changes in the exhaust aerosol, the agreement between the two technical solutions and the reference PN (REF@23) remained within 25% (23% for LD + EF and 12% for LD + TC). The performance of the CPC based PEMS system (OBS) was also affected by the presence of such small particles, yielding on average a 35% difference from the REF@23 concentrations. Figure 7 summarizes the results obtained over a segment of a torque-ramp test (1000 rpm/55% load) of the HD vehicle. The concentrations measured with the reference PN system with both the 23 and 10 nm CPC remained relatively stable (±10%). The 10 nm CPC (REF@10) measured on averagẽ 50% higher concentrations than the 23 nm one (REF@23) (Figure 7a ). The SMPS measurements (Figure 7b ) revealed a stable size distribution peaking at~15 nm, which explains the higher particle counts registered by the 10 nm CPC. The LD + TC and OBS systems exhibited a constant difference from the reference PN, of <5% and 25%, respectively. The LD system agreed to within 5% with the reference PN over the first 200 s of the test, but then gradually started measuring higher concentrations with the difference reaching 70% over the last 100 s of the test. This gradual deterioration of the LD performance coincided with an increase in the inlet SCR temperature from~300 • C to 400 • C and an accompanying increase of the average exhaust aerosol charge from~0 to as high as 1.9 charges/particle. 
Discussion
Several studies have reported that urea injection in HD engine SCR systems leads to non-volatile particle formation [14, 16, 43] . These particles exhibit a mode that peaks below 20 nm and accordingly they are only partially detected by the regulated PN methodology which requires a 50% counting efficiency at 23 nm. It was also recently found that these particles can acquire a large positive charge at elevated exhaust temperatures that can increase the average exhaust aerosol charge to as high as +3 depending on the background (bipolarly charged) soot concentrations [14] .
The presence of positive charges on particles in the nucleation mode range (<30 nm) can pose challenges for corona-charger-based sensors. They typically employ positive coronas that are more stable in their control and produce less ozone [41] . At typical corona settings, the average charge acquired on initially uncharged particles is less than +1 at sizes below 50 nm. When positively charged particles at this size range enter the positive ion environment of the corona, their charge level can only increase (although in practice the change in the charge level will be minor owing to 
The presence of positive charges on particles in the nucleation mode range (<30 nm) can pose challenges for corona-charger-based sensors. They typically employ positive coronas that are more stable in their control and produce less ozone [41] . At typical corona settings, the average charge acquired on initially uncharged particles is less than +1 at sizes below 50 nm. When positively charged particles at this size range enter the positive ion environment of the corona, their charge level can only increase (although in practice the change in the charge level will be minor owing to the repulsive electric field of these positively charged nanoparticles). Accordingly, in the presence of such particles, the actual charge level of the aerosol exiting the corona will be higher than anticipated for neutral particles, as will be the measured signal and therefore the reported concentrations [24] . Such effects explain the overestimations observed in experimental evaluations of DC-based PEMS instrumentation with SCR equipped HD engines [12] .
Since a large fraction of the formed particles lies below the 23 nm detection threshold of the regulation, one straightforward solution would be to remove all charged particles below this size via an electrofilter. A more advanced solution is to expose the pre-charged aerosol in a bipolar ion environment produced by a combination of a negative and a positive corona charger. Both technical solutions were realized and incorporated in the corona charger section of AVL's PN-PEMS system (LD). Dedicated exhaust measurements with an SCR-equipped HD engine and an SCR equipped vehicle confirmed that the overestimation observed with the original PEMS (LD) was associated with the formation of positively charged nanoparticles in the SCR. Both technical solutions were found to efficiently address interferences from such particles, leading to deviations of less than ±30% from the reference technique at levels above 1 × 10 11 #/kWh. Over the same tests, the default (LD) system showed much higher differences which increased with decreasing concentrations, reaching up to 120% at emission levels of 1 × 10 11 #/kWh. The dependence of the overestimation on the cycle emission levels reflects the relative contribution of neutral soot particles on the tailpipe aerosol. Cold start operation and the fill state of the diesel particulate filter (DPF) will have a strong effect on the concentration of engine exhaust particles reaching the tailpipe [36] . On the other hand, the concentration of particles forming on the SCR was found to be relatively stable while charge builds up only at elevated exhaust temperatures (above~300 • C) [14] . Furthermore, the exact after-treatment configuration can have a strong effect. The size of the particles forming in the SCR is ideal for filtration on DPFs. Accordingly, combined SCR/DPF systems or after-treatment configurations employing the SCR upstream of the DPF will efficiently capture these particles [44] .
The size of the particles formed in the SCR poses an additional challenge in their measurements. The current PN methodology was not designed for such small particles. The regulatory specifications imply that both the detector efficiency curve and the particle penetrations through the sampling system exhibit a sharp drop below 30 nm. Accordingly, differences in the designs of various commercial implementations fully compliant with the regulation specifications can lead to large differences. This was, for example, evident in the CPC-based PEMS system tested, which was found to overestimate particle concentrations compared to the reference system in the presence of these particles by up tõ 30%, depending on the underlying soot concentration.
In the context of the current regulation, the contribution of these nanoparticles formed in the SCR was calculated to be a fraction (at maximum 20-30% [14] ) of the currently applicable limit (6 × 10 11 #/kWh). These levels should not pose a challenge in the implementation of a PN-PEMS regulation provided that some means of conditioning the electrical charge is implemented. Both technical solutions considered in the present study were proven to be very efficient in this respect.
Conclusions
We measured the particle number emissions of a heavy-duty engine and a heavy-duty vehicle with reference instruments and portable systems based on condensation particle counters and diffusion chargers. Urea injection in the after-treatment of late heavy-duty technology engines was found to produce highly charged nanosized particles, smaller than the 23 nm cut-off size in the current regulation. Such positively charged nanoparticles were shown to interfere with corona chargers of diffusion charging-based particle number portable instrumentation leading to overestimations. Two technical solutions were presented and were shown to successfully mitigate the effect of these pre-existing charges on the performance of a commercial diffusion charging-based portable system. The first one was an electrofilter and the second a tandem positive-negative corona charger.
The DMA is a well-established technique employed for particle size classification [45] . Particles are first brought to a controlled charge state in a neutralizer (radioactive source) and subsequently classified according to their electrical mobility. Accordingly, in addition to singly charged particles of the desired particle size, larger multiple charged particles of the same electrical mobility will also be transmitted [46] . If the transmitted particles are neutralized once more and fed to a second DMA, they will be segregated according to their size and charge.
For example, Figure A1 illustrates experimentally determined modes at the outlet of two DMAs connected in series. The first DMA was set to classify particles of 150 nm, while the second operated in scanning mode [47] . The recovered distributions obtained with the commercial AIM software from TSI were purposely not corrected for multiple charges. That is the signal was inverted assuming that all particles exiting the second DMA are singly charged, in order to illustrate the entire mobility spectrum exiting the second DMA of a tandem setup. The two DMAs operated at sheath and sample flows of 3 and 0.3 L/min, respectively. The second DMA operated at a voltage ramp of 300 s. The largest peak (d) in the recovered distribution practically corresponds to singly charged particles at the set size of the first DMA. However, the peaks at smaller size bins (a-c) also correspond to 150 nm particles. All 150 nm particles exiting the first DMA carried a single positive charge, but after being neutralized once more, their charge state was redistributed. When passing through the second DMA, the single charged fraction was classified at the anticipated size bin, but The largest peak (d) in the recovered distribution practically corresponds to singly charged particles at the set size of the first DMA. However, the peaks at smaller size bins (a-c) also correspond to 150 nm particles. All 150 nm particles exiting the first DMA carried a single positive charge, but after being neutralized once more, their charge state was redistributed. When passing through the second DMA, the single charged fraction was classified at the anticipated size bin, but the multiple charged fractions exhibited higher electrical mobility and thus were classified at smaller size bins. In fact, the area of these peaks is proportional to the fraction of single, double, triple and quadruple charged 150 nm particles exiting the second neutralizer [48] .
On the other hand, the peaks at larger size bins (e and f) correspond to larger particles that were classified in the first DMA because they were initially carrying multiple charges (+2 and +3 for 235 and 312 nm, respectively). After passing the neutralizer of the second DMA, their charge level was redistributed. The single charge fraction had lower electrical mobility than singly charged 150 nm particles and was therefore classified at larger size bins. Double charged 235 nm particles and triply charged 312 nm particles were classified at the same bin as single charged 150 nm particles, so in principle, these cannot be discriminated. Therefore, some multiply charged fractions will still be present at 150 nm in this tandem DMA configuration. However, the two-stage neutralization and classifications are guaranteed to reduce the multiple charge fraction interference compared to a single DMA approach.
In the present work, the two DMAs were set at fixed voltages. When both were set at the same voltage, (predominantly) single charged particles of the desired size are classified (i.e., peak d in Figure A1 ). Selected tests were also performed with the second DMA set at double the voltage of the first one, thus transmitting double charged particles of the size selected in the first DMA (i.e., peak c in Figure A1 ).
